(Received 2 November 2011; accepted 2 January 2012; published online 13 January 2012) We present THz conductivity of LaAlO 3 (LAO) as a function of temperature and annealing, using terahertz time-domain spectroscopy (THz-TDS). We observed that, after annealing, spectral weight redistribution occurs, such that the real conductivity σ 1 (ω) changed from a featureless and almost frequency-independent spectrum, into one where peaks occur near the phonon frequencies. These phonon frequencies increase with increasing temperature. We attribute the appearance of these absorption peaks to the diffusion and relocation of oxygen vacancies. The dielectric functions of annealed LAO are well fitted with the Drude-Lorentz model. Lanthanum aluminate (LaAlO 3 , LAO) is a rhombohedrally-distorted perovskite commonly used as a substrate for high-temperature superconductors and functional thin films. 1 The cubic-torhombohedral transition in LAO is attributed to the rotation or tilt of the oxygen octahedra (AlO 6 ) along the (111) cubic unit cell direction. This rotation angle serves as an order parameter across the phase transition (T c ≈850 K). 2 In order to understand the structural and optical properties of LAO, many experimental and theoretical studies have been done, for example, neutron diffraction, Raman and infrared spectra, etc. [3] [4] [5] [6] The microwave (4 GHz -12 GHz) absorption of single crystal LAO at different temperatures (4 K -300 K) have been investigated by Zuccaro et al.. 7 They pointed out that the dielectric loss in LAO is due to microwave absorption by phonons and relaxation of dipoles brought about by defects in the crystal. Room-temperature absorption spectra were also studied at terahertz (THz) frequencies which contain information of large molecule and intermolecular vibrations. 8, 9 In addition, LAO is one of the most commonly used substrates in the growth of complex functional thin films such as high-temperature superconductors, multiferroics and manganites. In such strongly correlated electron systems, due to the presence of many competing degrees of freedom (e.g. orbital, lattice, electronic, spin), and the absence of a dominant energy scale, lowenergy dynamics, particularly at THz (or far-infrared) frequencies, frequently reveal the interplay among these different degrees of freedom. 10 In THz studies, a reliable extraction of the temperaturedependent complex conductivity (or equivalently, refractive index) of the thin film depends critically on the complex refractive index of the underlying LAO substrate, at every temperature. Moreover, since thin-film growth invariably involves annealing, the effects of annealing on the optical properties of LAO must also be taken into account. Furthermore, it is well known that domains are present in LAO substrates, but their effect on the optical properties of LAO is not known. As far as we know, no systematic temperature or annealing-dependent studies have been carried out on LAO a Electronic mail: elbertchia@ntu.edu.sg at THz frequencies. Our work fills this gap in knowledge, enabling future researchers to use the temperature-dependent refractive index of LAO to characterize their thin films more accurately.
Here we report the temperature-dependent (10 K -300 K) dielectric response of LAO by terahertz time-domain spectroscopy (THz-TDS) from 0.2 THz − 3 THz. After annealing, strong absorption peaks appear in k(ω), with peak positions shifting to higher frequencies with increasing temperature. Our investigated samples are single crystals of (100) LAO: a 10×10×1 mm 3 piece from CrysTec GmbH (Berlin, Germany), and a 10×10×0.5 mm 3 piece from SWI (Hsinchu, Taiwan). Since both samples give the similar results, we only show data from the CrysTec sample. The dielectric response of LAO was measured by a commercial THz-TDS system (TeraView Spectra 3000). From THz-TDS, we can directly obtain material dielectric parameters [11] [12] [13] [14] 
The time-domain electric fields of a THz pulse transmitted through the LAO sample (Ẽ s (t)), as well as through air reference (Ẽ r (t)) are shown in Fig. 1(a) . The THz wave form was attenuated and delayed after passing through LAO sample. Fast Fourier transform yields the amplitude and phase at different spectra components of the THz electromagnetic wave, as shown in Fig. 1(b . n(ω) is temperature-dependent and increases monotonically with frequency. The values of k(ω) are very small, and no obvious absorption peaks appeared in our experimental frequency range. The extracted n(ω) and k(ω) are consistent with other reports 4, 9 at 300 K. Next, after the LAO is annealed under the condition of 1273 K in vacuum for 3 hours, and THz-TDS data were taken at the same orientation as before, the extracted n(ω) exhibits jumps at certain frequencies (Fig. 2(c) ), where it suddenly drops, then recovers slowly with frequency. Also, several absorption peaks appear in k(ω) (Fig. 2(d) ). These absorption peaks are temperature-dependent -shifting to the higher frequency with increasing temperature.
We attribute the appearance of absorption peaks in k(ω) after annealing to a relocation of oxygen vacancies in the LAO crystal. Before annealing, below 730 K, the immobile oxygen vacancies form clusters and effectively pin the domain walls. 3 During the annealing of LAO at 1273 K, the selfdiffusion coefficient of these oxygen vacancies increase significantly at high temperature. 8 As the oxygen vacancies diffuse and relocate throughout the crystal, the effect of pinning will be reduced, resulting in the domain walls becoming more mobile, until they disappear.
The real part of optical conductivity σ 1 (ω) can be obtained from the relationship σ 1 (ω) = 2n(ω)k(ω)ωε 0 . Figure 3 shows the spectrum of σ 1 (ω) before and after annealing, at different temperatures. Before annealing, in the "as-is" sample, σ 1 (ω) increases slightly with frequency, and does not show any sharp features. Upon annealing, however, temperature-dependent peaks develop in σ 1 (ω). Comparing the σ 1 (ω) before and after annealing in Fig. 3 , we noticed that, after annealing, σ 1 (ω) exhibits peaks only at some particular frequencies, and is almost zero away from these frequencies. This indicates the spectral weight is redistributed and transferred towards these frequencies after annealing. Annealing above the transition temperature T c will usually relax the thermal strains and redistribute the oxygen defects, causing twin walls to appear elsewhere and in different orientations when the crystal is again cooled to below T c . 16 In order to probe the origin of these temperature-dependent absorption peaks, we compute the complex dielectric function of annealed LAO from n(ω) and k(ω) by the relations: ε 1 (ω) = n(ω) 2 − k(ω) 2 and ε 2 (ω) = 2n(ω)k(ω). The real and imaginary parts of dielectric function are simultaneously fitted with the Drude-Lorentz model. 17, 18 In this model, frequency-dependent dielectric function can be described by summing over various oscillators and a residual Drude contribution:
The first term ε ∞ is the high-frequency dielectric constant ε ∞ = 4.82; 6, 19 the second term is the Drude term, which describes the response of the unbound (free) charge carriers; ω p and 0 are the plasma frequency and scattering rate of free electrons, respectively. The last term describes a collection of Lorentz oscillators, where A k , ω k , k are the oscillator strength, oscillator resonance frequency and oscillator damping constant (spectral width) of the k th oscillator, respectively.
To obtain a good fit, we used four Lorentz oscillators. Fig. 4(a) shows the real and imaginary parts of ε(ω), and the corresponding Drude-Lorentz model fitting, where, for the sake of clarity, only the 10 K data and fitting are presented. Generally, THz absorption is attributed to the interactions of THz field with the fundamental lattice vibrations in the crystal. The optical modes of Brillouin zone center associated with the first-order dipole moment give rise to intrinsic absorption due to lattice vibrations. Among the four resonances, the strongest absorption peak ω 1 is located at ∼6 THz with a temperature-independent peak position. This strong (A 1 ∼18) 6 THz peak corresponds to the main infrared (IR) triplet mode at 167 cm -1 in the undistorted perovskite, which transforms into the 168 cm -1 A 2u IR singlet and 179 cm -1 E u IR doublet upon undergoing rhombohedral distortion. 20 The other three resonances (ω 2 ∼ 1.0 THz, ω 3 ∼ 2.5 THz, ω 4 ∼ 3.6 THz at 300 K) are much weaker than ω 1 , with temperature-dependent peak positions -shifting to higher frequency with increasing temperature, as shown in Fig. 4(b) . It has been confirmed experimentally and theoretically that Raman modes in LAO 5, 6 appear at ∼1 THz and ∼3.7 THz. The observation of the 1 THz (ω 2 ) and 3.6 THz (ω 4 ) modes in our data showed that, upon annealing, these Raman modes have acquired IR character as well. This is not surprising, as lattice distortion induced at high temperatures (∼773 K) may have caused an asymmetry in the lattice structure that results in the appearance of absorption peaks at these previously Raman-active frequencies. 8 Our temperature-dependent ω 3 has not been reported before -it possibly originates from multiple phonon processes. 14 We now discuss the phonon stiffening with increasing temperature. Normally, the frequency change of every lattice mode is related to the rate of change in volume V of the crystal as: f
where γ is an average Grüneisen constant. In most materials, γ > 0, so phonon soften upon thermal expansion. This thermal expansion and associated shift of phonon frequencies stem from the anharmonic components in interatomic potentials, which are responsible for the scattering between harmonic phonon quasiparticles. However, Delaire et al. 21 found that the phonon energies in metallic vanadium effectively stiffen with increasing temperature, compensating for the effect of thermal expansion. They attribute this to the coupling between phonons and the electron bandstructure -an adiabatic electron-phonon interaction. For LAO crystal, the AlO 6 structural unit (AlO 6 ) can undergo dynamics at low energies by rotating as a rigid unit. These rigid unit modes of AlO 6 can break the symmetry of a structure of packed octahedra, and can be responsible for displacive phase transformations in minerals. Also, some oxygen atoms at the corners of AlO 6 are not shared by other octahedra, hence they will have more freedom to be involved in the reorientations. 22 These features may be responsible for the phonon stiffening with increasing temperature in the annealed LAO crystal. The low energy vibrational modes in ZrW 2 O 8 and HfMo 2 O 8 , with similar local structure as LAO, also show a stiffening with increasing temperature. 22 To fully elucidate the phonon frequencies stiffening with increasing temperature, more theoretical calculation is needed.
In conclusion, temperature-dependent THz dielectric response of as-is and annealed LAO have been studied using THz-TDS from 0.2 THz -3 THz. Annealing greatly affects its optical properties. The appearance of the absorption peaks in k(ω) upon annealing is attributed to the diffusion and relocation of oxygen vacancies -these disordered oxygen vacancies reduce the pinning effects on the domain walls in the LAO crystal. The change of σ 1 (ω) from featureless, to peaks occurring at certain frequencies, is attributed to spectral weight transfer.
